A pyridoxal dehydrogenase was puriˆed to homogeneity from Aureobacterium luteolum, which can use pyridoxine as a carbon and nitrogen source, and characterized. The enzyme was a dimeric protein with a subunit molecular weight of 38,000. It had several properties distinct from those of the partially puriˆed enzyme from Pseudomonas MA-1. The optimum pH (8.0-8.5) was 0.8-1.3 lower than that of the Pseudomonas enzyme. The Aureobacterium enzyme showed much higher and lower a‹nities for NAD + (Km, 0.140± 0.008 mM) and pyridoxal (0.473±0.109 mM), respectively, than those of the Pseudomonas enzyme. The Aureobacterium enzyme could use NADP + as a substrate: the reactivity was 6.5% of NAD + . The enzyme was much more tolerant to metal-chelating agents. Irreversibility of the enzymatic reaction was shared by the two enzymes. No aldehyde dehydrogenase showed similarity to the amino-terminal amino acid sequence of the enzyme.
Two diŠerent but related pathways for the metabolic degradation of the free forms of vitamin B6 (pyridoxine, PN, pyridoxal, PL, and pyridoxamine, PM) are found in the bacteria which can use PN or PM as a sole source of carbon and nitrogen. 1) In pathway I, found in Pseudomonas MA or MA-1, PN isˆrst oxidized to PL by PN 4-dehydrogenase, and then degraded through the following 7 steps to succinic semialdehyde, ammonia, and carbon dioxide. The 5 enzymes involved in pathway I have been puried to homogeneity from the bacteria and characterized. However, PN 4-dehydrogenase,
2) PL 4-dehydrogenase, 3 ) and 3-hydroxy-2-methylpyridine-4,5-dicarboxylic acid 4-decarboxylase 4) have not been puriˆed to homogeneity although some of their enzymatic properties have been reported with partially puriˆed preparations. Furthermore, neither their protein structures, nucleotide sequences of genes encoding them, nor the mechanism of inheritance and control of these inducible sets of enzyme have been described. PL 4-dehydrogenase (EC 1.1.1.107) partially puried from Pseudomonas MA, dehydrogenated PL to 4-pyridoxolactone with NAD + as the hydrogen acceptor.
3) The enzyme had a pH optimum of 9.0 and Km of 0.07 mM and 0.29 mM for PL and NAD + , respectively. However, details of its enzymatic properties including the molecular weight and the stability have not been described.
Recently, we have isolated Aureobacterium luteolum, which can use PN as carbon and nitrogen sources. As theˆrst step for the elucidation of protein structures, nucleotide sequences of genes encoding them, the mechanism of inheritance and control of these inducible sets of enzyme in the PN degradation pathway, we report the puriˆcation to homogeneity of PL 4-dehydrogenase from A. luteolum and its properties. The enzyme showed several distinct properties from those of the Pseudomonas enzyme.
Materials and Methods
Materials. 4-Pyridoxolactone was prepared by heating a stock solution of 4-pyridoxic acid (Sigma) in 1 N HCl at 1009 C for 15 min and then adjusting to pH 4.0 with KOH: mass spectrum of the preparation gave an identical fragment peak pattern with that of standard 4-pyridoxolactone. 5 ) PL hydrochloride and PN hydrochloride were purchased from Wako Chemicals and Nacalai tesque, respectively. NAD + , NADH, and NADP + were from Oriental Yeast. All other chemicals were of analytical grade.
Isolation and identiˆcation of PN-using bacterium. Soil samples (1 g) were suspended in distilled water (5 ml). The supernatant solutions (10 ml) were spread on plates containing PN medium (0.5z PN, 0.01z yeast extract, 0.01z NZ-amine, 0.01z casamino acids, Edinburgh minimum medium (EMM) 6) without potassium hydrogen phthalate or glucose, and 1.5z (w W v) agar), and incubated at 309 C for 2-3 days. Colonies were transferred on a new plate, cultivated again, and then inoculated into 5 ml of the PN medium without agar. One bacterium growing at the best rate was isolated. Identiˆcation of the bacterium was done by DSMZ (Deutsche Sammlung von Mikroorganismen und Zellculturen).
Growth conditions of the bacterium. A. luteolum cells were aerobically grown in LB medium (100 ml) at 309 C for 8 h, harvested aseptically, and then the cells were aerobically incubated at 309 C for 24 h in the PN medium. The cells (10 g) were harvested, washed twice with 300 ml of 50 mM potassium phosphate buŠer (pH 8.0), and then stored at "209 C.
Analytical methods. PL 4-dehydrogenase was assayed by measuring the increasing ‰uorescence (excitation at 356 nm and emission at 432 nm) of 4-pyridoxolactone produced. The reaction mixture (2.0 ml) consisted of 0.05 M sodium phosphate buŠer (pH 8.0), 0.5 mM PL, 1.0 mM NAD + and enzyme, was incubated at 309 C for 1 h. Then the reaction was stopped by addition of 100 ml of 20z SDS. One unit of enzyme was deˆned as the amount that catalyzes the formation of 1 nmole of 4-pyridoxolactone per min.
For measurement of stoichiometry of the enzymatic reaction, oxygen consumption was measured with a Clark electrode. Production of NADH was measured based on its absorbance at 340 nm: since 4-pyridoxolactone produced concomitantly also showed an absorption at 340 nm, the amount of NADH was calculated after subtracting the absorption corresponding to 4-pyridoxolactone. The reverse reaction was assayed by measuring the decrease in absorbance at 340 nm with a reaction mixture (1.0 ml) consisting of 0.05 M sodium phosphate buŠer (pH 8.0) or sodium acetate buŠer (pH 6.2), 0.1 mM 4-pyridoxolactone or 4-pyridoxic acid, 0.1 mM NADH, and 4 U enzyme.
Protein was measured by the dye-binding method 7) with bovine serum albumin as a standard. Reversed-phase isocratic HPLC for measurement of vitamin B6 compounds, including 4-pyridoxolactone and 4-pyridoxic acid, was done as described previously. 8) Molecular weight of the native enzyme was measured by a gelˆltration (Hiprep 16 W 60 Sephacryl S-300 column) with FPLC. A calibration curve was made from the elution pattern of bovine liver catalase ( Mr ＝240,000), pig heart mitochondrial aspartate aminotransferase (90,000), malate dehydrogenase (67,000), and horse heart cytochrome c (12,000). The subunit molecular weights were measured by SDS-PAGE by the method of Laemmli.
9)
The amino terminal sequence of the enzyme was analyzed with the enzyme protein electroblotted on a PVDF membrane. The sequencing was done by automated Edman degradation with an Applied Biosystems 492 protein sequencer.
Puriˆcation of PL 4-dehydrogenase. All puriˆca-tion steps were done at 4-109 C unless described otherwise.
Step 1-Frozen cells (10 g, wet weight) were thawed and suspended in 250 ml of BuŠer AF, 20 mM potassium phosphate (pH 8.0) containing 10z glycerol, 1 mM EDTA, 1z 2-mercaptoethanol, 0.1 mM PL and 1 mM phenylmethylsulfonyl ‰uoride (PMSF). The suspension was sonicated at 4-159 C for 15 min with a Heatsystems-Ultrasonics sonicator W-220. The cell extract was obtained by centrifugation at 9,500×g for 20 min at 49 C. The precipitated cell debris was resuspended in the same volume of the buŠer, and the suspension was sonicated and centrifuged again to obtain the second crude extract. A total of 50 g of frozen cells were treated in the same way. The combined cell extract (2500 ml) was used as the enzyme solution.
Step 2-Ammonium sulfate (70z saturation,ˆnal concentration) was put on the crude extract. The precipitate of protein collected by centrifugation at 9,500×g for 20 min was dissolved in 350 ml of BuŠer AF without PMSF (BuŠer A). The solution was thoroughly dialyzed against BuŠer A and then centrifuged to remove some precipitate.
Step 3-The supernatant solution (400 ml) was applied to a QA 52 (Whatman) column (4.8×27.5 cm) equilibrated with BuŠer A. The column was washed with BuŠer A until the absorption of the eluate at 280 nm become lower than 0.1. The enzyme activity was eluted with BuŠer A containing 0.15 M NaCl by a linear gradient elution (0 M-0.3 M NaCl, 2 L, each). The enzyme fraction (350 ml) was thoroughly dialyzed against BuŠer A.
Step 4-The dialyzed enzyme solution was put on a Blue A (Amicon) column (1.3 ×5.8 cm) equilibrated with BuŠer A. The column was washed with 200 ml of BuŠer A and 230 ml of BuŠer A containing 0.1 M NaCl until the absorption of the eluate at 280 nm become lower than 0.1. Then, the enzyme was eluted with BuŠer A containing 0.2 mM NAD + . The enzyme fraction (150 ml) was dialyzed against BuŠer A, and then concentrated to 20 ml with a small QA 52 column (volume of the matrix, 2 ml). The concentrated solution was dialyzed against BuŠer A without EDTA.
Step 5-The dialyzed enzyme solution was put on a small hydroxyapatite column (volume of matrix, 5 ml) equilibrated with BuŠer A without EDTA. The enzyme eluted with the equilibration buŠer was theˆnal preparation. 9 mg) by an ammonium sulfate precipitation; lane QA, a puriˆed fraction (9.8 mg) from a QAE-cellulose column; lane BA, the fraction (0.24 mg) from a Blue A column; and lane HA, the fraction (0.12 mg) from a hydroxyapatite column. Molecular weight markers (0.5 mg, each) were rabbit muscle phosphorylase ( M r ＝97,400), bovine serum albumin (66,200), hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soy bean trypsin inhibitor (21,000), and hen egg white lysozyme (14,400).
Results
Isolation and identiˆcation of a bacterium A bacterium that grew well with PN as a sole carbon source was isolated. It was a Gram-positive, aerobic, catalase-positive, and non-sporulating bacterium. The bacterium was a slightly coryneform rod (2.6×1.1 mm). It formed smooth colonies on a nutrient agar plate. The tests for acid production from carbohydrate were negative. The peptidoglycan type was B3 b, [Hsr]D-glu-Gly-D-Orn. The sequence of 16S ribosomal DNA of the bacterium showed 99.2z similarity to A. luteolum. Thus, the isolated bacterium was designated A. luteolum YK-1.
Induction of PL 4-dehydrogenase
When A. luteolum YK-1 was grown in the LB medium instead of the synthetic medium, the speciˆc activity of PL 4-dehyrogenase in the crude extract was 0.019 unit W mg. In contrast, it was 0.280 unit W mg, when the PN medium was used. Thus, the PN medium was selected as the medium for cultivation of A. luteolum cells used for puriˆcation of the enzyme.
Puriˆcation, molecular weight and amino-terminal sequence of PL 4-dehydrogenase
The enzyme was puriˆed to homogeneity from the crude extract of A. luteolum YK-1 by three steps of column chromatography (Table 1) . SDS-PAGE of preparations from each step are shown in Fig.1 .
PL dehydrogenase was unstable under the aerobic conditions. The column matrixes and the buŠers were degassed thoroughly. A high (1z) concentration of 2-mercaptoethanol was necessary for stabilizing the enzyme: the enzyme activity in the crude extract was decreased by 65.4z, 82.7z, and 0z when the crude extract prepared with the buŠer containing 0.02z, 0.05z and 1.0z 2-mercaptoethanol, respectively, was stored at 49 C for 24 h.
The puriˆed enzyme showed a single protein band with a molecular weight of 38,000±1700 (average and S.D. of 3 experiments) on a SDS-PAGE gel (Fig. 1) . The enzyme also showed a single protein band on a native gel (0.49 relative mobility compared to tracking dye). The molecular weight of the native enzyme was 80,000±4,500 by gelˆltration.
The sequencing of amino terminal amino acids showed presence of a single amino acid residue in each step of Edman degradation: the sequence was MHLKASEKR. The enzyme is thus a dimeric protein.
Identiˆcation of the reaction product, and stoichiometry and reversibility of the reaction
The reaction product was identiˆed as 4-pyridoxolactone by the reversed-phase isocratic HPLC and spectro‰uorometry. The product was coeluted with the standard 4-pyridoxolactone at 13 min of retention time: the times of PL and 4-pyridoxic acid were 11.7 and 16 min, respectively. The reaction product showed the identical excitation (with a maximum at 356 nm) and emission (432 nm) spectra as the standard 4-pyridoxolactone.
The stoichiometry was measured with the enzyme Measurements of optimum temperature (upper ) were done in 50 mM buŠer containing 1.0 mM NAD + and 0.5 mM PL at the various temperatures. For measurement of temperature stability (lower ), the enzyme was incubated for 10 min at the various temperatures. Then activity was measured under the standard conditions. An average and SD of three experiments is shown. reaction done in a chamber of an oxygraph to check consumption of oxygen. The enzyme produced the same amount (0.12 nmol) of 4-pyridoxolactone and NADH concomitant with consumption of almost the same amount (0.11 nmol) of pyridoxal and NAD + . Oxygen was not consumed at all.
The reverse reactions between NADH and 4-pyridoxolactone or 4-pyridoxic acid were not observed: neither measurable change in absorbance at 340 nm nor production of PL measured by the HPLC was detected.
pH optimum Under the assay conditions used, the pH optimum of PL 4-dehydrogenase was about 8.0-8.5 with sodium phosphate buŠer and 8.5 with MOPS-KOH buŠer (Fig. 2) . The activity in carbonate buŠer was less than that in phosphate or MOPS-KOH buŠer.
Temperature optimum and stability PL 4-dehydrogenase showed an optimum temperature around 309 C (Fig. 3, upper ). An Arrhenius plot of theˆgures gave 37,000 (cal W mole) of activation energy for the enzyme reaction. The enzyme had low temperature stability: the enzyme activity was lost by incubation for 10 min at 509 C (Fig. 3, lower ) .
A‹nities for PL and NAD +
The enzyme showed a hyperbolic saturation relationship between reaction rates and substrate concentrations (Fig. 4) . The Km (mM) for NAD + and PL were 0.133±0.009 (average and SD of three experiments) and 0.473±0.109, respectively. PL showed a strong substrate inhibition: only 10z of the maximum activity was obtained in the presence of 2.0 mM of PL.
Cofactor and substrate speciˆcities
The best hydrogen acceptor of PL 4-dehydrogenase was NAD + . However, the enzyme could use NADP + (Km, 1.410±0.215 mM) as the substrate: its reactivity was 6.4z compared to NAD + (100z) when the reaction was measured with 1 mM of NADP + . The enzyme showed very high hydrogen donor speciˆcity. Among aldehydes and vitamin B6 compounds tested, the enzyme showed reactivity only toward pyridine-4-aldehyde (0.9z of PL). The enzyme did not show reactivity toward pyridoxal 5?-phosphate, pyridoxamine, pyridoxine, 2-nitrobenzaldehyde, 3-nitrobenzaldehyde, 4-nitrobenzaldehyde, O-phthalaldehyde, 5-nitrosalicylaldehyde, 2-carboxybenzaldehyde, or formaldehyde.
Inhibitors 8-Hydroxyquinoline among the metal-chelating agents examined caused the highest inhibition of the enzyme (Table 2 ). ZnSO4 partially revesed the inhibition. Inhibition by the other reagents was low. Concentrations of the inhibitors were set to be the same as those reported by Burg and Snell 3) to compare the two PL dehydrogenases. 
Discussion
PL dehydrogenase was puriˆed to homogeneity from A. luteolum. The enzyme showed several diŠer-ent characteristics from those of the enzyme partially puriˆed from Pseudomonas MA-1. As shown in Table 2 , Aureobacterium enzyme was much tolerant to metal-chelating agents, especially m-and pphenanthroline: the Pseudomonas enzyme was inhibited by 50z in the presence of 0.002 mM of these agents. The other properties of the two PL 4-dehydrogenases are compared in Table 3 . The molecular weight of the Pseudomonas enzyme is not known. The Pseudomonas enzyme showed much higher a‹n-ity for PL than the Aureobacterium enzyme. The high a‹nity for the substrate aldehydes is shared by the majority of aldehyde dehydrogenases. 10) In contrast to the aldehyde substrate, the Aureobacterium enzyme showed much higher a‹nity for NAD + than the Pseudomonas enzyme. Interestingly, the Aureobacterium enzyme could use NADP + as a hydrogen acceptor. These diŠerences in the characteristics suggest that the reactions in the degradation pathway of pyridoxine in the bacteria are regulated in distinctive ways. Elucidation of the regulation in Aureobacterium luteolum is under way.
No aldehyde dehydrogenase with a similar sequence to that of the amino-terminal amino acid sequence of PL 4-dehydrogenase was found by searching the protein database using the BLAST algorithm. This is probably because highly conserved sequences are found in the active site region but not in the amino-terminal region of this family of proteins. 11) At least 13 aldehyde dehydrogenase families are known. These proteins have 10 conserved sequence motifs in the middle and carboxyl terminal regions. We are examining a sequence of the gene encoding PL 4-dehydrogenase and genes encoding the other genes of the PN degradation pathway.
